Protein ubiquitination controls protein stability and subcellular localization of tyrosine kinase receptors, hence affecting signaling both quantitatively and qualitatively. In this report, we demonstrate that, after ligand stimulation, the PDGF ␤ receptor (PDGFR␤) becomes ubiquitinated in a manner requiring both the c-Cbl and Cbl-b ubiquitin ligases. Simultaneous depletion of c-Cbl and Cbl-b resulted in reduced ligand-induced PDGFR␤ clearance from the cell surface because of reduced endocytosis of the receptor. Cbl-b formed a complex with c-Cbl, as well as with the PDGFR␤, in response to PDGF-BB stimulation. We were unable to find a direct interaction between the receptor and c-Cbl, raising the possibility that Cbl-b is necessary for c-Cbl to interact with PDGFR␤. Phosphorylated Tyr-1021 in PDGFR␤ was the primary interaction site for Cbl-b, with some contribution from Tyr-1009. Depletion of c-Cbl and Cbl-b led to an increased ligand-induced tyrosine phosphorylation of the receptor. Several tyrosine residues with elevated phosphorylation (i.e. Tyr-579, Tyr-581, Tyr-1009, and Tyr-1021) have previously been shown to interact with Src kinases and PLC␥. Indeed, in cells depleted of c-Cbl and Cbl-b, both Src and PLC␥ phosphorylation were enhanced, whereas activation of other pathways, such as Erk1/2 MAP kinase and Akt, were not affected. In addition, Stat3 phosphorylation, which has been connected to Src activity, was also elevated in cells lacking c-Cbl and Cbl-b. Functionally, we found that cells depleted of c-Cbl and Cbl-b were more prone to migrate toward PDGF-BB, whereas no reproducible effect on cell proliferation could be observed. In conclusion, internalization as well as signaling via PDGFR␤ are controlled by ubiquitination.
sequently, autophosphorylation of tyrosine residues in the intracellular part of the receptor. The binding specificities of the PDGF isoforms allow for formation of both receptor homoand heterodimers, i.e. PDGFR␣␣, ␤␤, and ␣␤ (2) . The phosphorylated tyrosine residues serve as docking sites for signaling proteins containing Src homology 2 domains and couple the activated receptor to intracellular signaling pathways (3) .
The Cbl family of RING finger-containing E3 ubiquitin ligases has been implicated in ubiquitination of tyrosine kinase receptors, including PDGFRs. c-Cbl overexpression has been shown to lead to enhanced PDGFR␣ and ␤ ubiquitination and degradation as well as reduced PDGF-dependent proliferation and survival (4, 5) . The Cbl family consists of c-Cbl, Cbl-b, and Cbl-c (6) . In their N termini, all Cbl family members have a four-helix bundle domain, a variant of an Src homology 2 domain, and a Ca 2ϩ -binding EF hand motif (6) . The N-terminal domain is called tyrosine kinase binding domain, and it is critical in mediating interactions with tyrosine kinases that are Cbl substrates. The central parts of Cbl family members contain RING finger domains that control the ubiquitin ligase activity by interacting with E2-conjugating enzymes (7) . In the C-terminal parts, c-Cbl and Cbl-b, but not Cbl-c, contain a prolinerich region followed by a stretch of amino acid residues with several serine and tyrosine phosphorylation sites and a ubiquitin association domain (6, 8) . Notably, only the ubiquitin association domain of Cbl-b can interact with ubiquitin. Members of the Cbl family catalyze the monoubiquitination or polyubiquitination of target proteins (9, 10) . These functions of the Cbl family members makes their roles complex because certain types of polyubiquitination have been associated with proteasomal degradation, whereas monoubiquitination facilitates interactions with ubiquitin association domain-containing proteins and regulates intracellular sorting (11) . c-Cbl and Cbl-b have redundant as well as non-redundant functions, as observed in the immune system and the skeletons of c-Cbl and Cbl-b knockout mice (6) . c-Cbl and Cbl-b contain several tyrosine residues that are phosphorylated and could possibly function as binding sites for Src homology 2 domain-containing proteins. Proteins that have been shown to interact with phosphorylated Cbl proteins include CrkL, Vav, and the p85 subunit of PI3K (6) . Cbl family proteins are in many cases important negative regulators of receptor tyrosine kinase signaling, and their loss of function has been shown to lead to increased signaling, promoting tumorigenesis (12) . The objective of this 6120) from Invitrogen. Secondary antibodies for immunofluorescence staining were Alexa Fluor 594 donkey anti-rabbit (A21207) and Alexa Fluor 488 donkey anti-mouse (A21202) from Life Technologies. Pefabloc SC was from Roche. EasyTag EXPRESS 35 S protein labeling mixture was from PerkinElmer Life Sciences.
Cell Culture-Human foreskin fibroblasts, AG01523 (Coriell Cell Repositories) were cultured in Eagle's minimum essential medium and human BJ hTERT fibroblasts in Dulbecco's modified Eagle's medium, both supplemented with 2 mM L-glutamine and 10% FBS. For starvation, cells were washed once and incubated in the same medium containing 0.1% FBS for 20 h.
siRNA Knockdown-Down-regulation of Cbl-b and c-Cbl was performed by using 20 nM siRNA CBLBHSS101420 and 40 nM siRNA CBLHSS101418 from Invitrogen, respectively. Stealth RNAi Negative Control Duplex (12935-112) from Invitrogen was used as a control. Transfection of siRNA was done for 28 h with SiLentFect from Bio-Rad, and experiments were performed after an additional 20 h. Levels of knockdown were tested by immunoblotting.
Cell Lysis, Receptor Precipitation, and Immunoblotting-Subconfluent cells, transfected as indicated, were starved and stimulated with 20 ng/ml PDGF-BB for the indicated periods of time. Cells were washed with ice-cold PBS and lysed in 1% Nonidet, 0.5% sodium deoxycholate, 0.1% SDS, 20 mM Tris (pH 7.4), 150 mM NaCl, 1 mM Pefabloc, and 1 mM sodium orthovanadate for 20 min on ice. The lysates were cleared by centrifugation at 13,000 rpm for 15 min at 4°C. PDGFR␤ was precipitated by incubation with the indicated antibody overnight on ice, followed by 45-min incubation with Dynabeads protein A (Novex, Life Technologies) rotating at 4°C. Beads were washed three times with ice-cold lysis buffer, and attached proteins were eluted by boiling for 5 min in reducing SDS sample buffer and then separated by SDS-PAGE. Immunoblotting was performed as described previously (13) . For co-immunoprecipitation, starved cells were stimulated with 20 ng/ml PDGF-BB for the indicated periods of time and lysed in 1% Triton X-100, 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM Pefabloc, and 1 mM sodium orthovanadate and then subjected to immunoprecipitation followed by immunoblotting as described above. Densitometrical analysis of immunoblots was performed using advanced image data analyzer software (Fujifilm). The densitometrical data were normalized against unstimulated cells subjected to control treatment.
Inhibition of Proteasomal or Lysosomal Degradation-Serum-starved cells were incubated with the proteasomal inhibitor MG132 (10 M) or the lysosomal inhibitor chloroquine (25 M) (Sigma-Aldrich) for 4 h, followed by stimulation with 20 ng/ml PDGF-BB for the indicated periods of time. Cells were then lysed and subjected to SDS-PAGE and immunoblotting as described above.
Biotinylation and receptor Endocytosis-Serum-starved cells were incubated with 0.3 mg/ml Sulfo-NHS-SS-Biotin (Pierce) in PBS for 30 min at 4°C to label cell surface proteins, followed by stimulation with 20 ng/ml PDGF-BB for different periods of time. Labeled receptors present on the cell surface were selectively stripped of biotin by three subsequent incubations for 15 min in ice-cold 100 mM 2-mercaptoethane sulfonic acid (Sigma-Aldrich) dissolved in 50 mM Tris (pH 8.8), 100 mM NaCl, 1 mM EDTA, and 0.2% BSA or just 50 mM Tris (pH 8.8), 100 mM NaCl, and 1 mM EDTA for control. Stripped cells were solubilized in lysis buffer (0.2% Triton X-100, 150 mM NaCl, 25 mM KCl, and 10 mM Tris (pH 7.4) supplemented with 0.1 mM EDTA, 1 mM Pefabloc, and 1 mg/ml iodoacetamide. Cleared lysates were incubated with streptavidin-Sepharose (GE Healthcare) on a rotator for 40 min at 4°C. Protein-bound streptavidin beads were washed three times in lysis buffer, and biotinylated proteins were eluted by addition of reducing SDS sample buffer and subjected to SDS-PAGE, followed by immunoblotting.
Immunofluorescence Staining-Cells were fixed in 3.5% paraformaldehyde in PBS for 20 min at room temperature and then washed in PBS. The fixed cells were permeabilized in 0.3% Triton X-100 in PBS for 10 min, washed in PBS, and incubated in 1% BSA, 10 mM glycine in PBS for 1 h at room temperature. Primary and secondary antibodies were diluted in PBS containing 1% BSA. The cells were incubated with the primary antibodies overnight at 4°C and with the secondary antibodies for 1 h at room temperature, followed by washing in PBS. The coverslips were mounted on object slides with Vectashield H-100 (Vector Laboratories). The cells were photographed under a fluorescence microscope (Axio Imager M2, Zeiss) with an AxioCam MRm digital camera, using a Plan-Apochromat ϫ63 objective lens (Zeiss). Images were analyzed with Zen software.
Pulse-Chase Experiment-After being starved for 2 h in methionine/cysteine-free MCDB 104 supplemented with 0.01% BSA, cells were pulsed with 150 Ci/ml of [ 35 S]methionine/[ 35 S]cysteine labeling mixture in methionine/cysteinefree MCDB 104, 0.01% BSA for 15 min at 37°C. Cells were chased for the indicated periods of time by aspirating labeling medium and adding MCDB 104 and 0.01% BSA containing five times the labeling concentration of methionine/cysteine and 20 ng/ml PDGF-BB. Cells were washed with ice-cold PBS, followed by lysis in 1% Nonidet, 0.5% sodium deoxycholate, 0.1% SDS, 20 mM Tris (pH 7.4), 150 mM NaCl, and 1 mM Pefabloc. Samples were then subjected to immunoprecipitation as described above, followed by SDS/PAGE. The dried gel was exposed to film.
Cell Migration Assay-A ChemoTx disposable chemotaxis system (101-8, Neuro Probe Inc.) was used to study cell migration. Cells were transfected with siRNA as indicated. After serum starvation, cells were trypsinized and suspended in starvation medium containing aprotinin to inactivate trypsin. Cells were sedimented by centrifugation at 1000 rpm for 4 min and resuspended in medium with 0.1% BSA. Cells were seeded on a 96-filter ChemoTx frame (3 ϫ 10 4 cells/filter) coated with 50 g/ml fibronectin (BD Biosciences) in PBS. The filter frame was put on top of wells containing different concentration of PDGF-BB in quadruplicates, and the cells were allowed to migrate for 4 h at 37°C. The chemotactic device was taken apart, and cells remaining on the upper surface of the filters were removed with a cell scraper, followed by rinsing in PBS. Cells on the lower side of the filters were fixed in 96% ethanol for 3 min, washed in three subsequent water baths, and stained by immersing the filter frame in undiluted Giemsa solution for 3 min, followed by three additional washes in water. After drying, the filters were analyzed in an Enspire multimode plate reader (PerkinElmer Life Sciences).
Results

Simultaneous Depletion of c-Cbl and Cbl-b Inhibits PDGF-BB-induced PDGFR␤ Ubiquitination and Enhances Receptor
Phosphorylation without Affecting Its Stability-To explore the role of the Cbl family of ubiquitin ligases in the ubiquitination of PDGFR, we depleted primary fibroblasts (AG1523) of c-Cbl and Cbl-b expression using siRNAs. Cbl-c was not detected in these cells. Knockdown of either c-Cbl or Cbl-b only partially impacted PDGFR␤ ubiquitination, but the combined depletion of both c-Cbl and Cbl-b robustly decreased PDGFR␤ ubiquitination ( Fig. 1, A and B) . Using antibodies selective for Lys-48 or Lys-63 polyubiquitin chains, we found that depletion of both c-Cbl and Cbl-b or depletion of Cbl-b alone affected both types of ubiquitin chains, whereas depletion of c-Cbl only had minor effects and primarily on Lys-63 polyubiquitination chains ( Fig.  1B) . Thus, in contrast to studies with other cells and receptors, such as PDGFR, VEGFR2, EGF receptor, CSF-1R, c-KIT, and MET, in which loss of c-Cbl expression or binding was sufficient to decrease ubiquitination (reviewed in Ref. 6 ), our results showed that, in AG1523 fibroblasts, there is cooperation between c-Cbl and Cbl-b in promoting PDGFR␤ ubiquitination, with Cbl-b having a dominant effect. We could not detect any ubiquitination of c-Cbl or Cbl-b in response to PDGF-BB stimulation (data not shown).
Next we investigated whether the decrease in PDGFR␤ ubiquitination observed after depletion of c-Cbl and Cbl-b affected PDGF-BB-induced receptor phosphorylation. We found that, in the absence of c-Cbl and Cbl-b, there was an increased level of ligand-induced receptor phosphorylation on tyrosine residue 857 in the activation loop of the kinase domain ( Fig. 2A ). An increased phosphorylation of other tyrosine residues in PDGFR␤ was also observed, including tyrosine residues located in the juxtamembrane region (Tyr-579/581), in the kinase insert (Tyr-751 and Tyr-771), and in the C-terminal tail of the receptor (Tyr-1009 and Tyr-1021), as determined by phosphospecific antibodies (data not shown).
Surprisingly, the rate of PDGFR␤ degradation was not significantly affected by depletion of c-Cbl and Cbl-b, as shown by immunoblotting ( Fig. 2B ) or immunoprecipitation of the receptor from [ 35 S]methionine/cysteine pulse-chase-labeled cells (Fig. 2C ), after stimulation with PDGF-BB for different time periods. We investigated whether proteasomal inhibition influenced receptor stability because we could see clear effects on receptor ubiquitination upon depletion of c-Cbl and Cbl-b. To this end, we treated control cells and cells depleted of c-Cbl and Cbl-b with the proteasomal inhibitor MG132 and analyzed receptor stability. We found that both in the presence and absence of c-Cbl/Cbl-b, proteasomal inhibition stabilized the receptor (Fig. 2D ). The almost complete inhibition of PDGFR␤ degradation in the presence of MG132 suggests that the proteasome is a major degradation pathway for the receptor. In contrast, interference with lysosomal function using chloroquine did not result in stabilization of the ligand-activated receptor in cell expressing, or not expressing, c-Cbl and Cbl-b ( Fig. 2E ). This finding was further supported by immunofluorescence microscopy demonstrating a co-localization between PDGFR␤ and proteasomes (using a PSMD9 marker) after 30 min of PDGF-BB stimulation (Fig. 2F) . In contrast, we could not detect co-localization with a lysosomal marker (LAMP1) and PDGFR␤ after 60 min of PDGF-BB stimulation (Fig. 2G) . Also, other time periods of PDGF-BB stimulation were tested without detectable co-localization (data not shown).
Using the human fibroblast cell line BJ hTERT, we could reproduce the effect of c-Cbl/Cbl-b depletion on PDGFR␤ ubiquitination, phosphorylation, and degradation ( Fig. 3) . In summary, c-Cbl and Cbl-b collaborate to ubiquitinate PDGFR␤, and loss of these two ubiquitin ligases leads to suppressed receptor ubiquitination and enhanced receptor phosphorylation but has no significant impact on receptor degradation, which primarily occurs by the proteasomes.
Ligand-induced PDGFR␤ Clearance from the Cell Surface Is Slower in Cells with Reduced c-Cbl and Cbl-b Expression-
Ubiquitination has been linked to internalization and intracellular sorting of receptors (14) . Therefore, we investigated whether the level of PDGFR␤ ubiquitination affected the rate of cell surface clearance using biotinylation of extracellular parts of cell surface receptors. We found that, under conditions were c-Cbl and Cbl-b were depleted, the PDGF-BB-induced clearance of PDGFR␤ from the cell surface was decreased compared with control conditions (Fig. 4A ). We found that, in cells depleted of c-Cbl and Cbl-b, there was a clear inhibition of PDGF-BB-induced internalization of the receptor, seen as a diminished amount of biotinylated receptor accumulating in the cells (Fig. 4B) . Moreover, punctuated immunofluorescence staining following PDGF-BB stimulation, which is interpreted as PDGFR accumulation in the endosomal compartment, was not observed when c-Cbl and Cbl-b were depleted, indicating an inability of the non-ubiquitinated receptor to enter the normal intracellular compartments ( Fig. 5 ). Single c-Cbl or Cbl-b knockdown revealed that c-Cbl depletion by itself had a minimal effect, whereas a clear effect could be seen after Cbl-b knockdown (Fig. 5 ). This is consistent with a dominant role of Cbl-b in regulating PDGFR␤ ubiquitination (Fig. 1B) .
c-Cbl and Cbl-b Interact with Each Other and with PDGFR␤-To further explore the connection between c-Cbl, Cbl-b, and PDGFR␤, we performed co-immunoprecipitation experiments. We found that c-Cbl and Cbl-b formed a transient complex with each other in response to PDGF-BB stimulation and that Cbl-b co-immunoprecipitated with the PDGFR␤ after ligand stimulation (Fig. 6A ). However, we were unable to observe any co-immunoprecipitation of PDGFR␤ and c-Cbl. It is possible that the recruitment of c-Cbl to the activated receptor occurs indirectly through its interaction with Cbl-b or, alternatively, that the amount of c-Cbl associated with PDGFR␤ is lower than the detection limit. To further map the binding site of Cbl-b and to explore the possibility of a weak interaction between c-Cbl and PDGFR␤, we used synthetic peptides corresponding to different autophosphorylation sites in the receptor. Cbl-b interacted in a phosphorylation-dependent manner primarily with Tyr-1021 in PDGFR␤ and, to some extent, with Tyr-1009 ( Fig. 6B ), but not with Tyr-579/581, Tyr-716, Tyr-740, Tyr-751, Tyr-763, Tyr-771, Tyr-775, Tyr-857, and Tyr-1009 (data not shown). We were unable to detect any interaction between the phosphorylated Tyr-1021 peptide, or any other phosphorylated peptide, and c-Cbl. The well estab-
FIGURE 2. Depletion of c-Cbl and Cbl-b results in increased PDGFR␤ phosphorylation but does not influence PDGF-BB-induced receptor degradation.
A, AG01523 fibroblasts were transfected with siRNA targeting both c-Cbl and Cbl-b and serum-starved overnight. Cells were then stimulated with 20 ng/ml PDGF-BB for the indicated periods of time, followed by lysis. Total cell lysate (TCL) subjected to SDS-PAGE and immunoblotting (Ib) for phosphorylated Tyr-857. Ctrl, control. B, cells were treated with 20 g/ml cycloheximide (CHX) for 30 min and stimulated for the indicated periods of time with 20 ng/ml PDGF-BB. Total extracts were prepared and separated by SDS-PAGE, and the level of PDGFR␤ was analyzed by immunoblotting. C, cells were incubated for 4 h in the absence of Met and Cys and then pulsed with [ 35 S]methionine/cysteine for 15 min, followed by chase in methionine/cysteine-containing medium for the indicated periods of time in the presence of 20 ng/ml PDGF-BB. Ip, immunoprecipitation. D and E, AG01523 fibroblasts were transfected with siRNAs targeting c-Cbl and Cbl-b and treated with a proteasomal inhibitor (MG132, D) or the lysosomal inhibitor chloroquine (E) for 4 h before stimulation with 20 ng/ml PDGF-BB for the indicated periods of time. Total extracts were prepared and separated by SDS-PAGE, and the level of PDGFR␤ and phosphorylation was analyzed by immunoblotting. F and G, AG01523 fibroblasts were serum-starved overnight. Cells were then stimulated with 20 ng/ml PDGF-BB for the indicated periods of time. Subcellular localization of stimulated PDGFR␤ was visualized using rabbit PDGFR␤ antibodies, followed by tetramethylrhodamine isothiocyanate (TRITC)conjugated anti-rabbit antibodies. Proteasomes were visualized using Alexa Fluor 488-conjugated antibodies against PSMD9 (F) and lysosomes using antibodies against LAMP1 (G). The bottom panels are enlargements of the cells shown in the top panels. Nuclei were stained blue with DAPI. Experiments were repeated at least three times. lished interaction between PLC␥1 and phosphorylated Tyr-1009 and Tyr-1021 was used as a control (Fig. 6B ). PDGF-BB stimulation induced tyrosine phosphorylation of Cbl-b (Fig.  6C) . Consistent with the possibility that c-Cbl is brought into close proximity of PDGFR␤ by its interaction with Cbl-b, we found that also c-Cbl was also efficiently and rapidly phosphorylated in response to PDGF-BB stimulation (Fig. 6C ). Next we investigated whether c-Cbl and Cbl-b affect the stability of each other by depleting cells of either c-Cbl or Cbl-b, followed by immunoblotting for the other Cbl family member. We obtained no evidence that c-Cbl and Cbl-b regulate the stability of each other in PDGF-BB-stimulated cells (Fig. 6D ). Furthermore, we were unable to detect any ubiquitination of c-Cbl or Cbl-b in response to PDGF-BB stimulation (data not shown).
Depletion of c-Cbl and Cbl-b Selectively Enhances PDGF-BBinduced Src, Stat3, and PLC␥ Activation-To assess whether the observed changes in PDGFR␤ ubiquitination and phosphorylation after depletion of c-Cbl and Cbl-b lead to changes in PDGF-BB-induced signal transduction, we studied the phosphorylation of several well established signaling proteins downstream of PDGFR␤. We found that Src, Stat3, and PLC␥1 phosphorylation were elevated in the absence of c-Cbl and Cbl-b ( Fig. 7) , in contrast to the unaltered phosphorylation of Erk1/2 and Akt (Fig. 7) , as well as SHP2 and p38 (data not shown). The observed changes in signaling in cells depleted of c-Cbl and Cbl-b are consistent with the increased level of phosphorylation of Tyr-579/581, which has been shown to promote recruitment of Src kinases (15) , and of Tyr-1009 and Tyr-1021, which has been shown to promote PLC␥ binding (16) .
Depletion of c-Cbl and Cbl-b Enhances the Chemotactic Response toward PDGF-BB but Does Not Significantly Affect
Proliferation-Src, Stat3, and PLC␥ are central signaling proteins downstream of many receptors, including PDGFR␤, and have been connected to cell proliferation and migration (17, 18) . Consistently, we found an elevated chemotactic response in cells lacking the Cbl ligases (Fig. 8) . The increased chemotaxis upon combined c-Cbl and Cbl depletion was detected in both normal human fibroblasts (AG1523, Fig. 8A ) and the human glioblastoma cell line U251-MG (Fig. 8B ). However, we were unable to observe a significant effect on cell proliferation by depletion of c-Cbl and Cbl-b (data not shown).
Discussion
The aim of this study was to elucidate the roles of the Cbl family of ubiquitin ligases in PDGFR down-regulation and signaling. We found that depletion of Cbl-b had a clear effect on PDGFR␤ ubiquitination, whereas depletion of c-Cbl had only a minor impact. Depletion of both c-Cbl and Cbl-b caused a dramatic reduction of PDGFR␤ ubiquitination. Furthermore, we found that Cbl-b promoted the formation of both Lys-48-and Lys-63-type polyubiquitin chains, whereas c-Cbl knockdown only led to a small decrease in Lys-63-type chains. We also observed that Lys-63 polyubiquitination occurred more rapidly than Lys-48 polyubiquitination. Collectively, these results suggest that PDGFR␤ is ubiquitinated by different types of ubiquitin chains, with different kinetics, and involving at least two different ubiquitin ligases.
The decreased ubiquitination caused by the dual depletion of c-Cbl and Cbl-b correlated with a decreased rate of receptor internalization from the cell surface and to increased PDGF-BB-induced receptor phosphorylation. Consistently, an important role for ubiquitination in receptor internalization has been reported for IGF-1R (19) , whereas, in contrast, studies on EGFR and FGFR1 suggested that their ubiquitination was not essential for internalization (20, 21) . It is possible that the decreased internalization delays the deactivation mechanism that limits receptor activity, including exposure to phosphatases. Surprisingly, we did not observe any significant effect of Cbl-b/c-Cbl depletion on PDGF-induced receptor degradation. We could demonstrate that the dominant degradation pathway for PDGFR␤ involves proteasomes. However, although the rapid Cbl-induced receptor ubiquitination was crucial for receptor internalization, it did not affect its degradation. The observation that PDGFR␤ was also degraded by the proteasome when c-Cbl and Cbl-b were depleted, which led to a dramatic loss of receptor ubiquitination, was unexpected. However, there are reports showing that proteins containing disordered regions can be recognized by the proteasome without being ubiquitinated (22) . Notably, 60 -80% of signaling molecules have been described as intrinsically disordered (23) . Alternatively, residual ubiquitination found on the receptor after c-Cbl/Cbl-b depletion, induced by low levels of remaining Cbl proteins or FIGURE 5 . Depletion of c-Cbl and Cbl-b results in defective intracellular sorting of activated PDGFR␤. AG01523 fibroblasts were transfected with siRNA targeting Cbl-b, c-Cbl, or a combination of both. After serum starvation, cells were stimulated with 20 ng/ml PDGF-BB for 30 min. Subcellular localization of stimulated PDGFR␤ was visualized using rabbit PDGFR␤ antibodies, followed by Alexa Fluor 594-conjugated anti-rabbit antibodies. Nuclei were stained blue with DAPI. Experiments were repeated at least three times. Ctrl, control.
other ubiquitin ligases acting on the receptor, may be sufficient for proteasomal recognition. Earlier studies have shown that 125 I-labeled PDGF is degraded in lysosomes (24) , suggesting that the ligand and receptor are degraded by different routes. The exact mechanism and localization of PDGFR␤ degradation remain to be elucidated.
The increased PDGFR␤ phosphorylation translated into hyperactivation of several pathways downstream of the receptor, in particular the Src, Stat3, and PLC␥1 pathways. Our results show that Cbl-mediated ubiquitination dampens the signals emitted by the receptor, most likely by affecting its subcellular localization. A previous report has also shown increased PLC␥1 signaling in the absence of c-Cbl expression, and it was suggested that this was due to loss of competition for binding to PDGFR␤ because both PLC␥1 and c-Cbl have been shown to bind phosphorylated Tyr-1021 in the receptor (5). We did not observe increased binding between endogenously expressed PDGFR␤ and PLC␥1 in cells depleted of c-Cbl and Cbl-b (data not shown).
The possibility that c-Cbl directly binds to the PDGFR␤ has been addressed previously but with unclear results. Studies using endogenously expressed c-Cbl have failed to detect a complex, whereas, upon overexpression of c-Cbl, an interaction between c-Cbl and PDGFR␤ could be observed (4, 25) . In addition, GST pulldown assays have suggested that c-Cbl may bind to the phosphorylated Tyr-1021 in PDGFR␤ (5) . We found that, in response to ligand stimulation, Cbl-b, but not c-Cbl, co-immunoprecipitated with the PDGFR in a transient manner consistent with the possibility that receptor ubiquitination occurs rapidly at the plasma membrane before the receptor is internalized (14) . The observation that c-Cbl did not co-immunoprecipitate with PDGFR␤ is also consistent with a previous report (26) . Using an in vitro system, we were able to show that Cbl-b, but not c-Cbl, interacted with Tyr-1021 and, to some TCL, total cell lysate. B, synthetic peptides corresponding to the amino acid sequence surrounding Tyr-1009 and Tyr-1021 (phosphorylated or not) were used to investigate the interaction between c-Cbl and Cbl-b with PDGFR␤ in vitro by performing pulldown (Pd) followed by immunoblotting for c-Cbl or Cbl-b. The interaction between these peptides and PLC␥ was used as a positive control (Ctrl). Ref refers to the unphosphorylated peptide. C, AG01523 fibroblasts were serum-starved overnight and treated for the indicated periods of time with 20 ng/ml PDGF-BB, followed by lysis and immunoprecipitation by phosphotyrosine antibodies. The extent of c-Cbl, Cbl-b, and PDGFR␤ phosphorylation was determined by immunoblotting for these proteins. D, total cell lysate was prepared from cells transfected with either Cbl-b or c-Cbl (or control) siRNA and stimulated with 20 ng/ml PDGF-BB for the indicated periods of time. Protein extracts were separated by SDS-PAGE, and the effect on Cbl-b or c-Cbl stability was assayed by immunoblotting. Before immunoprecipitation, a small fraction of lysates was taken and analyzed for Alix expression as a loading control (C and D). Experiments were repeated at least three times. FIGURE 7. c-Cbl and Cbl-b depletion results in increased Src, Stat3, and PLC␥ phosphorylation. AG01523 fibroblasts were transfected with siRNA targeting both c-Cbl and Cbl-b, serum-starved overnight, and treated for the indicated periods of time with 20 ng/ml PDGF-BB. Total cell lysates (TCL) were prepared and separated by SDS-PAGE, and immunoblotting (Ib) was performed with antibodies against pPLC␥, PLC␥, pStat3, Stat3, ␣-tubulin, Cbl-b, c-Cbl, pSrc, or Src. For quantifications, control (Ctrl) cells stimulated with PDGF-BB for 30 min were set to 1. Experiments were repeated at least three times. FIGURE 8. c-Cbl and Cbl-b depletion potentiates PDGF-BB-induced chemotaxis. AG01523 fibroblasts and U251MG glioblastoma cells were transfected with siRNAs targeting c-Cbl and Cbl-b, serum-starved overnight, and then plated on fibronectin-coated polycarbonate membranes (pore size, 8 m) in 96-well microchemotaxis chambers. Cells were then allowed to migrate toward the indicated concentrations of PDGF-BB for 4 h. The membrane was then fixed in ethanol, and cells that had migrated through the membrane were stained with Giemsa. The intensity of the staining was measured using a charge-coupled device camera. Data are plotted as mean of quadruplicate samples with one standard deviation indicated. Experiments were repeated at least three times. Ctrl, control. extent, with Tyr-1009, the most C-terminal autophosphorylation sites in PDGFR␤. We found that, in response to PDGF-BB treatment, c-Cbl and Cbl-b formed a complex, which suggests that Cbl-b primarily binds to PDGFR␤ and that c-Cbl interacts indirectly with the receptor via binding to Cbl-b. We found that depletion of both c-Cbl and Cbl-b was necessary to drastically reduce receptor ubiquitination, suggesting that the functional ubiquitin ligase complex may contain both c-Cbl and Cbl-b. Individual depletion of c-Cbl or Cbl-b revealed that c-Cbl had a minor function in PDGFR␤ ubiquitination, whereas Cbl-b had a dominant role.
We found that cells, both normal human fibroblasts (AG1523) and glioblastoma cells (U251MG) lacking c-Cbl and Cbl-b had a stronger chemotactic response toward PDGF compared with control cells, partially consistent with a previous study where a similar effect was seen by cells lacking only c-Cbl (5) . Previous studies have shown that the effect of c-Cbl overexpression on PDGF-induced proliferation depends on the passage number of the clone (4), suggesting that the cell adapts to continued c-Cbl overexpression. To avoid the possibility of cell adaptation to changes in Cbl levels, we used primary AG1523 fibroblasts and performed transient siRNA-mediated depletion of c-Cbl and Cbl-b. In these cells, we did not observe any clear effect on cell proliferation. These results suggest that proliferation and migration depend on signals originating at different subcellular locations where prolonged cell surface exposure promotes the chemotactic, but not the proliferative, response. Consistent with the lack of effect on cell proliferation, Cbl depletion did not affect activation of the Erk1/2 MAP kinase and Akt pathways, which promote proliferation and survival.
To conclude, we found that both c-Cbl and Cbl-b contribute to polyubiquitination of PDGFR␤ and that this modification is important for receptor internalization. The majority of the receptor is degraded in the proteasome, but, surprisingly, diminished ubiquitination as a consequence of Cbl knockdown did not appreciably influence the degradation rate. Functionally, depletion of c-Cbl and Cbl-b leads to increased signaling through certain pathways, i.e. Src, Stat3, and PLC␥, and increased chemotactic response.
